Abstract: Centrin is a member of the EF-hand superfamily of calcium-binding proteins, a highly conserved eukaryotic protein that binds to Ca
Introduction
Centrin is acidic centrosomal or contractile fiberassociated protein, and belongs to a subfamily within the superfamily of Ca 21 -modulated proteins. 1 The centrin family continues to expand since the discovery of its first member in the basal bodies of the green algae Tetraselmis striata more than 30 years ago. 2 These proteins are most concentrated in the spindle pole body of yeast cells, and in centrosomes of higher eukaryotes.
Ca 21 ion. 7, 8 Centrin is also a calcium-dependent selfassembly protein and is found in yeast (Cdc31p ions at a 2:1 stoichiometry, inducing protein aggregation. The order for the calcium-binding affinity between the two binding sites in N-EoCen is site I, followed by site II. [12] [13] [14] [15] [16] However, the molecular mechanism of the self-assembly is still unknown. The aggregation of centrin plays a key role for its function, and detailed structural information is necessary for understanding its properties. The structure of the N-terminal domain of N-EoCen has been solved by solution NMR spectroscopy (PDB code: 2JOJ), which revealed that N-EoCen is a monomer without calcium present. Other reported crystal structures of N-EoCen homologs are also monomeric, including N-HuCen (PDB code: 1ZMZ), 9 N-CrCen (PDB code: 3QRX), 17 C-PtCam (PDB code: 1CLM). 18 After crystallizing NEoCen, molecular replacement was utilized to determinate the protein structure; however, this method was not successful, possibly due to the large RMSD values between structures used for modeling. Finally, selenomethionine-substituted N-EoCen was crystallized and initial phases were solved using Se-SAD method. Recently, the full length Centrin 1 from Mouse (MuCen1, PDB code: 5D43) was determined and it was monomeric, containing two similar globular domains, each of which comprises two EF-hand Ca 21 -binding motifs. 8 To further address the molecular mechanism of self-assembly and calcium binding, the trimeric structure of N-EoCen was solved, compared and analyzed based on molecular interactions to form an oligomer, which provides a foundation for better understanding its function.
Results and Discussion
Overall structure of N-EoCen
After the recombinant selenomethionine-substituted N-EoCen was expressed and purified, the protein was crystallized. The crystal structure of N-EoCen was finally determined though the Se-SAD method and refined to a resolution of 2.3 Å with a final R work value of 18.46% (R free 5 23.03%). Data collection and refinement statistics are listed in Table I . The N-EoCen structure is a common helix-loophelix motif that consists of four a-helix connected by three loops [ Fig. 1(A,B) ]. The N-terminus corresponds to residues 121, which were disordered in the structure due to high flexibility [Figs. 1(B) and 2(A)]. N-EoCen has two putative calcium-binding sites. Site I is located at loop 1 and site II is located at loop 3 [ Fig. 1(B) ]. The overall structure of NEoCen presented a triangle trimer architecture with a noncrystallographic threefold axis [ Fig. 1(C) ]. Though we capture a trimeric state in the crystal structure, which may be a crystallographic artifact, the crystal structure suggests that a trimeric state is one of the stable states that may exist in the solution. The formation of the dimer, trimer, tetramer, and other states for full length EoCen had been proved with SDS-PAGE.
14 For the N-EoCen, we observe coexistence of the monomer, dimer and trimer in native-PAGE. These data support the conclusion that the N-EoCen trimer may exist in solution.
Three protomers in the unit cell adopt similar conformations with small RMSD values of 0.2 (Fig.  S1 , Supporting Information). There is slight difference between the binding site I of promoter B comparing those of promoters A and C, but binding site II is very similar for every promoter whether it binds Ca 21 or not. There were two charged regions in the structure of N-EoCen; the first was a large, negatively charged area located at the front side, constituted by a number of residues (E23, E24, E28, and E31) from each protomer. Another region was positively charged and located at the back side of the structure constituted by a number of residues (K50, K61, and K62) from each protomer. Other regions, except the two regions mentioned above, were charged negatively or did not have a charge, which is consistent with EoCen being an acidic protein.
Structural alignment analyses
Multiple sequence alignment and comparison of the structure with reported structures in the RCSB PDB 
In this structure, the calcium binding site I was constituted of the amino acids D37, N39, T42, and S44, while site II consisted of the amino acids N70, D73, E75, and K79. Finally, the backbone carbonyl oxygen of A55 from the three protomers formed the binding site III, which was the first time that this has been observed [ Fig. 2(A) ]. Twenty amino residues of the N terminus were disordered in these structures. The centrin sequence is highly conserved with identities greater than 45%. When these structures were superposed on top of one another [ Fig. 2(B) ], every structure was composed of four helices and three loops, except for 5Z1Q and 3QRX, which also contained two b-sheets located at loop 1 and loop 3, where two Ca 21 ions are predicted to bind. In addition, a1
and a4 overlapped closely while a2 and a3, adopting diverse conformations. RMSD values between 5Z1Q and other structures were calculated using the program PyMOL 20 [ Fig. 2(C) ]. The most similar structure with 5Z1Q was 5D43, with a RMSD value of 0.79 (sequence identities: 57%). The RMSD values by fitting 5Z1Q with those of 1CLM, 1ZMZ, 2JOJ, and 3QRX were 2.88, 3.11, 2.02, and 2.82, respectively, although they share high sequence identities (1CLM: 47%; 1ZMZ: 64%; 2JOJ: 100%; and 3QRX: 59%).
Intermolecular interactions
The self-assembly properties of centrin in vitro have been studied for many years. 9,11-13,15,16 The assembly process and characteristics of self-assembly depend on various chemical and physical factors, including temperature, cation concentration, ionic strength, protein concentration, and pH. Since 1990, several centrin structures from different species have been determined, but all of the solved structures were as monomer regardless of calcium binding. Herein, we report the first homotrimer of centrin [ Fig. 1(C) ]. Some interactions were found between the three protomers. Hydrogen bonding, electrostatic interactions, and hydrophobic interactions were the major forces in forming the homotrimer [ Fig. 2(C) ]. Specifically, L35 and F36 from protomer A, I29, L56, M89, and I93 from protomer B formed a hydrophobic core [ Fig. 2 (C) , left]. Several hydrogen bond interactions were found, such as Q25 from protomer B and D34, L35, D37 from protomer A. Additionally, the electrostatic interaction of K40 of protomer A and E24 from protomer B also appeared to contribute to the forming the homotrimer [ Fig. 2 (C) , right]. The contact interactions between protomers A and C, and protomers B and C are similar to those of protomers A and B. Most of these residues are conserved between different species [ Fig. 2(A coordination via D37 -N39 -T41 -S43 -E48 and one water molecule [ Fig. 2(A) , left], and they were fully occupied in protomers A, B, and C [ Fig. 1(C) ]. For site II, Ca 21 ion had a coordination sphere involving Y72 -D73 -E75 -N77 -Y79 and one water molecule [ Fig. 2(A) , middle], but was not fully occupied and can be found only in protomer B, rather than in all protomers [ Fig. 1(C) ]. The occupancies of two Ca 21 ion coincided with site I having a greater binding constant than site II. In sharp contrast, site III was located at the center of the homotrimer rather than a single protomer. The Ca 21 ions were penta-coordinated in a trigonal bipyramidal configuration, with two waters and backbone carbonyl oxygen atoms of A55 from the three protomers [ Fig. 2(C) , right]. The electron density map of Ca 21 ions and coordinating residues are shown in the 2Fo-Fc map (black) contoured at 1-sigma (Fig. S2 Selenomethionine-substituted crystals appeared in the same conditions, reaching their final size within 10 days. Crystals were harvested and cryo-protected in a well solution containing 20% (v/v) glycerol, 17% (w/v) PEG600, and 50 mM NaH 2 PO 4 (pH 5 4.2), and flashcooled in a dry nitrogen stream at 100 K for X-ray data collection.
X-ray data collection and processing and structure determination
The selenomethionine single-wavelength anomalous dispersion data set for N-EoCen in the P1 space group was collected at 2.3 Å using a wavelength corresponding to the Se peak at the BL18U beamline in Shanghai Synchrotron Radiation Facility. All data sets were indexed, integrated, and scaled using the HKL3000 package. 22 The triclinic crystal form occupied space group P1 with cell parameters a 5 42.945 Å , b 5 43.045 Å , c 5 43.078 Å , a 5 b 5 106.888 and c 5 106.618. Eight of the nine selenium atoms in one asymmetric unit were located and refined, and the SAD data phases were calculated and substantially improved by solvent flattening using the PHENIX AutoSol program. 23 Further model building was performed automatically by PHENIX AutoBuild. 24 The model was manually built into the modified experimental electron density using COOT 25 and further refined using the program PHENIX.refine. 24 Model geometry was verified using the program MolProbity. 26 Most residues appeared in the favored region (99.08%) and no residues were disallowed in the Ramachandran plot. Structural figures were drawn using the program PyMOL. 20 Data collection and the final refinement statistics are summarized in Table I .
Accession number
The coordinates and structure factors of the NEoCen have been deposited in the PDB are under accession code 5Z1Q.
